Electronic structure and transport characteristics of coupled CdS and ZnSe quantum dots are studied using density functional theory (DFT). Our investigations show that in these novel coupled dots, the frontier occupied and unoccupied molecular orbitals are spatially located in two different parts of the coupled dot, thereby indicating the possibility of asymmetry in electronic transport. We have calculated electronic transport through the coupled quantum dot using non equilibrium Greens function (NEGF) method by varying the coupling strength between the individual quantum dots in the limits of weak and strong coupling. Calculations reveal asymmetric current vs voltage curves in both the limits indicative of its rectifying properties. Additionally our calculations suggest the possibility to tune the switching behavior of the coupled dots by different gate geometries.
I. INTRODUCTION
Semiconductor heterostructures are a class of promising materials that have already found wide scale applications in optoelectronic devices, high electron mobility transistors, solar cells and light emitting diodes . 1, 2 The functionality of such heterostructures can be further controlled at nano-scale. In individual nanoparticles/quantum-dots, the charge carriers are confined in all three dimensions resulting in discrete energy levels, and electronic properties depend strongly on the geometric size and shape of the quantum dots. The quantum confinement available in individual nano-particles combined with the fact that the electronic properties of the heterostuctures are actually an unique balance of the properties of the individual parent semiconductors; provides additional functionalization in heterostructures at nano-scale. In fact it has been shown that semiconductor heterostructures at nanoscale offer tunability of the band gap due to band-offset engineering at the interface in a wide range due to the quantum confinement of electrons . [3] [4] [5] Semiconducting heterostructures can be either of type-I or type-II depending on the relative alignment of conduction and valence band edges of the parent materials that form the interface. In a typical type-II case with staggered band alignment, the lowest energy states for electrons and holes are situated in different semiconductors; therefore, at the interfaces electrons and holes tend to stay spatially apart due to the energy gradient. Thus, type-II alignment is beneficial for application in photovoltaic devices, with excited electrons and holes located at two spatially different parts of the semiconductor, thereby reducing the chances of recombination . 6 Such type-II alignment have been realised in various kind of heterostructues at nano-scale namely core-shell nanocrystals, multicomponent heteronanorods, tetrapods, heterodimers and coupled quantum dots . 3, 4, [7] [8] [9] [10] [11] [12] [13] [14] Recently it has been shown that coupled quantum dots can capture photons and can be integrated as an active component within quantum dot sensitized solar cells . 4 In addition, such type-II heterostructures also offer the possibility of charge transfer very similar to molecular heterojunctions. Molecular heterojuctions , 15, 16 where charge transfer takes place between two molecules behaving as a donor and an acceptor, was earlier proposed to be useful in molecular electronic devices such as in molecular diodes or molecular switching devices. However, their real applications are still limited. Analogously, type II heterostructures at nano-scale, in particular type II coupled quantum dots, may provide an alternative route to design diode and transistor devices at nanoscale, if the system is asymmetric as a whole, such that occupied and unoccupied states are spatially separated. While reports on such diode or transistor devices using semiconductor heterostructures (p-n junction) 17,18 are available, not much is known on the transport properties of coupled dots, and how the relative orientation of the dots might affect their electronic and transport properties.
In this paper we shall focus on CdS/ZnSe coupled quantum dots that are experimentally found to be of type-II. In our study we have scaled down the size of the coupled dots so that each individual dot contains only 24 atoms. Interestingly such model coupled quantum dots still display the typical type II behaviour that is known from dots with larger sizes as investigated experimentally . [3] [4] [5] This was especially required in order to reduce the number of gold atoms in the leads to a number which still allowed to perform transport calculations on the structures. In order to explore the electronic structure and investigate the effect of the coupling strength of the CdS/ZnSe quantum dots, we have performed electronic structure studies based on density functional theory (DFT). In addition, we have calculated the electronic transport through the coupled quantum dot in a two-probe junction arrangement and calculated the I-V characteristics of model devices and correlated the transport properties with the coupling strength of the quantum dots. For the purpose of comparison we have employed different methods to investigate the electronic structure and transport of coupled quantum dots and our study will provide a benchmark for such calculations. The most interesting effects in coupled quantum dots arise in cases where the electronic states in both dots are equal or very close in energy. Typically the states in quantum dot devices can be tuned via careful application of gate voltages on each individual dot. It will be interesting to see whether the effects predicted on model systems 19 could in principle be realized in experimentally synthesized CdS/ZnSe coupled quantum dots. The remainder of the paper is organized as follows, we shall discuss our methodology in section II, followed by our results on electronic structure and transport calculations in section III. Finally conclusions are provided in section IV.
II. METHODOLOGY
We have employed DFT based electronic structure methods to accurately model the electronic properties of the model coupled quantum dots. Present study employs generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) functional . 20 All structures were subjected to geometrical optimization till the forces on each atom were below 0.05 eV/Å. The geometries were optimized using both NRLMOL . [21] [22] [23] [24] [25] The Vienna abinitio Simulation Package (VASP) 26, 27 was used in order to double check all results. We have used Γ-centered single point k-mesh to map the Brillouin-zone of these confined dots. Both studies gave similar results for geometry and electronic structure. Finally, all the structures were also optimized using hybrid functionals B3LYP [28] [29] [30] and B3PW91 28,31 with 6-31G** basis-set for all atoms except Cd (Lanl2DZ basis-set and pseudopotential) as implemented in Gaussian09 software . 32 Stability of the structures were ascertained by vibrational frequency calculations. No imaginary modes were found and the coupled quantum dots are considered vibrationally stable. The resulting spectra can be found in the suplementary material.
The transport calculations are based on the nonequilibrium Green's function (NEGF) method as implemented in the GPAW code . 33, 34 The GPAW transport code uses the Green's function of the central region defined by
where S and H C are the overlap and Hamiltonian matrix of the scattering region. Σ L/R are the respective self energies of the leads. After the Greensfunction G is solved self-consistently the transmission function T is calculated by
gives the transmission probability of an electron having an energy E under an applied bias (and gate) voltage V . Further the current through the junction is obtained by
where the electronic chemical potentials µ L/R are connected to the applied bias voltage via V = (µ L − µ R )/e (e elementary charge) . 35 The current is calculated by integrating the self-consistent transmission function within the bias-dependent energy window spanned by µ L/R . In addition to transport studies using GPAW code we have also done the electronic transport using Quantumwise software 36, 37 which follows same working principles described above based on NEGF. The DFT implementation in Quantumwise uses numerical atomic basis set to solve the Kohn-Sham equations. Double zeta polarized basis-set was used for all atoms except Au (single zeta polarized basis-set was used, to save computational resources) with GGA-PBE exchange correlation functional.
III. RESULTS & DISCUSSIONS

A. Electronic Structure of the Coupled Quantum Dots
The coupled quantum dot CdS/ZnSe is modelled by conceptually fusing two isolated semiconducting quantum-dots, CdS and ZnSe, each having a fullerenelike hollow-cage structure with 12 cations and 12 anions. Similar kinds of small magic sized clusters or quantumdots of Zn 12 O 12 , 38 Cd 12 S 12 , 39 Zn 12 S 12 , 40 In 12 As 12 41 etc, were reported earlier. The lowest-energy minimum for the isolated Cd 12 S 12 cluster was found to be composed of eight hexagonal rings and six four-membered rings, having overall T h symmetry. Our calculations using B3LYP reveal that the hexagons have alternating Cd S bond-lengths of 2.50 and 2.60Å respectively, while the bond-lengths appearing in the fourmembered rings are 2.60Å. The HOMO-LUMO gap calculated using B3LYP for this cluster is 3.69 eV, with HOMO being located at −6.94 eV, and LUMO being at −3.25 eV respectively. Similarly, for the Zn 12 Se 12 quantum-dot, which has very similar hollow caged structure, the HOMO-LUMO gap calculated is higher, 4.28 eV (HOMO: −6.91 eV, LUMO: −2.63 eV). In this cluster also, the hexagonal rings have alternating Zn Se bondlengths of 2.35 and 2.42Å respectively, while the bondlengths appearing in the four-membered rings are 2.42Å.
To construct the model coupled dots, we have connected the two different semiconducting quantum-dots, Cd 12 S 12 and Zn 12 Se 12 of approximately similar sizes in many different ways and relaxed the resulting coupled structures, to locate the minima on the potential energy surface. As these clusters are composed of hexagonal rings and four-membered rings, they can be linked together in three different ways; (i) by aligning individual quantum-dots via hexagonal faces, where six atom pairs can interact (ii) interfacial alignment through the four-membered rings of the individual quantum-dots, with four interaction atom pairs, and (iii) via edge to edge interactions, where two atom pairs can interact. For the latter case three different configurations can be build where different intra-dot bonds are aligned next to each other. These five different coupling possibilities are shown in Fig. 1 . The different inter-cluster interactions are marked as configuration I -V throughout this paper. In detail, configuration I is formed by the edges between two hexagonal rings. The edge of a four-membered and six-membered rings forms configuration II. The edges of two hexagonal rings on one dot and the edge of a fourmembered and six-membered ring on the other quantum dot is configuration III and four pair interactions between two four-membered rings (configuration IV) and six pair interactions between two hexagonal rings (configuration V) belonging to two different quantum-dots are also possible. To investigate the stability of these coupled dots, we have calculated the respective interaction energies. The interaction energy (∆E) of coupled dots can be calculated from the total energies of coupled systems and their constituent dots. It is defined as follows. 42
The calculated interaction energies are found to be negative in all cases indicating that the structures of coupled dots are stable compared to the individual dots. The calculated interaction energy for the most stable configurations within PBE and B3LYP are −0.88 eV and −1.76 eV respectively. Above results show that the system with six pair interactions at the interface (configuration-V) is energetically favored and most likely to be formed. Further for a easier comparision, we shall refer to configuration-I as weakcoupling and the configuration-V as strong-coupling, and all the other configurations II, III and IV will be referred to as intermediate coupling regime.
We start our discussion by considering the most stable case V, and discuss its structural properties as calculated using B3LYP. In configuration-V, the six-membered ring of Cd 12 S 12 cluster is interacting with a six-membered ring of Zn 12 Se 12 cluster on the other side, allowing interaction of six Zn-S and Cd-Se pairs. Strong interaction between the two individual clusters alter the inter atomic distances, not only in the inter-cluster region but also, in its near vicinity. Upon coupling of the individual dots, it is observed that the four-membered rings of ZnSe dot have slightly dissimilar bond-lengths of 2.41-2.43Å but the six-membered rings have still alternating bond-lengths of 2.34 and 2.44Å. The four-membered rings of CdS dot far from the interface, have bond-lengths of 2.60Å but the six-membered rings have alternating bond-lengths of 2.50 and 2.59Å respectively. In the interface of the coupled quantum dot, the six-membered CdS ring (connected to the Zn 12 Se 12 dot) has alternating bond lengths of 2.59 and 2.72Å and the six-membered ZnSe ring (connected to the Cd 12 S 12 dot) has alternating bond lengths of 2.43 and 2.50Å showing an overall increase of the ring size due to interfacial interaction. The Cd-Se distances are 2.79Å and the Zn-S distances are 2.55Å, somewhat longer than the usual bond-lengths calculated in the respective pure quantum dots. These trends in structural properties are also observed within the PBE calculations. Next we shall discuss the band gaps of the isolated as well as the coupled quantum dots. One should keep in mind that pure DFT functionals like PBE routinely underestimates the HOMO-LUMO gaps and that the identification of HOMO -LUMO gaps (E HL G ) with the band gap is only one possible definition. Within DFT one common approach to obtain band gaps is the use of ionization potential (IP) and electron affinity (EA) for the definition of the band gap E F G = IP − EA. The ionization potential is obtained from total energy differences of the positively charged system and the neutral one IP = E(N − 1) − E(N) and the electron affinity is defined as EA = E(N + 1) − E(N). The E F G values are larger than the E HL G ones, and present a better estimate for the real band gap.
The IP and EA obtained using NRLMOL with PBE and the corresponding energy gap value together with the energy gap E HL G obtained from the difference of the energies of the HOMO and the LUMO for individual quantum-dots and coupled quantum-dots are displayed in Table II for comparison. It is observed that the trend of the band gap for the individual dots and coupled dots are same in all the methods. It is to be noted that the band gaps of the quantum dots are larger compared to their bulk-semiconductor counterpart due to the effect of quantum confinement and is a general trend in case of nanostructures. The band gap of the coupled dots are found to be smaller than the individual dots, a type-II band alignment at the interface is observed.
Next we have calculated the energy levels of the isolated dots as well as CdS-ZnSe coupled dot both in the weak coupling and strong coupling regime using the PBE functional (see Fig. 2 ). Our calculations reveal that the energy levels are much closely spaced in the strong coupling regime in comparison to the weak coupling case. The alignment of the states near the Fermi energy is expected to play an important role in determining its transport characteristics (see below). Additionally we have plotted the iso-surface of orbital density for HOMO and LUMO states as shown in Fig. 2 . The HOMO and LUMO states are localized at the ZnSe part and CdS part of the coupled dot respectively. Further, one can see that the HOMO and LUMO of the strongly coupled quantum dot system extend more into the other dot due to the stronger coupling. It is to be noted that the isosurface for HOMO and LUMO from both NRLMOL and VASP are found to be similar. The reduction of the band gap upon formation of the coupled dots and the HOMO and LUMO states residing in two different constituents of the coupled dots point to the fact that we have realized type-II heterostructure.
To obtain further insights on the nature of the level alignment and estimate the level offsets for the HOMO and the LUMO states at the interface we have plotted the partial DOS for the anion p and cation s states (see figure  3) . The partial DOS indicates that the occupied states near the gap are predominantly anion p-like whereas the unoccupied states near the gap mainly show cation scharacter. Interestingly the offsets between the p-states of S and Se and the s states of Cd and Zn define the HOMO and LUMO offsets typical of a type II interface. Band-offsets change depending on the coupling (see figure 3) and these different energy level alignment are expected to affect the transport properties which we shall investigate in the next section.
B. Models for two probe junctions with gold contacts to coupled dots
The geometry of the two probe setup including the gold Au(111) contacts for the weak and strong coupled dots are shown in Figure 4 .
In order to build appropriate contact models and to avoid excessive computational requirement six layers of gold for each contact were used to model metallic electrodes. The inner three gold layers are part of the scattering region and the outer three layers are repeated to represent metallic leads (see Fig.: 4) . To find the minimum energy structure of the model devices we first attached only one gold contact to the respective coupled dot system and varied only the dot -lead interval to find the equilibrium distance. In the second step the opposite side gold layer was placed by using the distance aquired in step one. Finally we carried out a geometry optimization step of the whole system where the topmost gold layers together with the attached dots were allowed to relax.
We double-checked all our transport calculations by using equivalent model systems within the electronic transport code implemented in the freely available GPAW 34 code and with the Quantumwise software . 36, 37 In general, the electronic states that can conduct owing to their conjugation and overlapping nature produce peaks in the transmission spectrum T(E). The transmission spectrum, while directly related to the current, also contains important microscopic information on the nature of transport channels or on coupling to the electrodes. High values of transmission coefficients (> 1) are observed due to parallel conducting pathways. In such case, the total transmission probability T(E) can be defined as T(E)= n T n (E) where n is the number of channels, which results in transmission values larger than unity in the transmission spectrum.
C. Electronic transport properties of the coupled quantum dots
The electronic transmission spectrum calculated at zero bias for the two model junctions is shown in Figure  5 . These spectra already allow some qualitative estima- tions of the transport properties. The remarkable difference between the strong-and weakly coupled system is the different gap in the transmission spectrum. While the difference in gap energy for the contact-free coupled dots is about 0.2 eV (see Table II), the transmission spectrum of the strongly coupled dot in a two-probe setup exhibits a gap of approx. 1.0 eV. The gap in the transmission spectrum for the weakly coupled system is about twice as large (approx. 2 eV). As will be seen later, the weakly coupled dot exhibits significantly lower conductance compared to the strongly coupled system as obtained from transmission spectra at zero applied bias. Clearly the energy gap of the strongly coupled dot is much more affected by attaching the structure to the contacts than the weakly coupled system. That fact is underlined by an analysis of the states that contribute to the respective transmission spectra. The HOMO level for the strongly coupled dot without contacts is found to be nearly degenerated as can be seen in Fig: 3 a. This behavior is conserved also in the two probe setup (see Fig: 5 a) . The isosurfaces of the corresponding orbitals marked as 2 and 3 show, that the character of the HOMO did change substantially compared to the contact-free case, it is still more localized on the ZnSe dot with some electron density in the intercluster region. However the limited delocalization of the states give only modest values of transmission coefficient as seen in the dual peaks at −1.4 eV in Fig. 5 a. The inner orbitals which give T(E) values of unity or greater are definitely more delocalized (states not shown in the Figure) . As discussed in the electronic-structure section, the HOMO is mainly located at the ZnSe dot. Obviously the gold-contacts lead to a delocalization of the HOMO over both dots in the coupled system. The LUMO level of the strongly coupled that is still localized within the CdS; it is significantly lowered in energy and is now found near the Fermi-Level at 0.21 eV (state marked by 1 in Fig.  5 a) . This state though localized shows small amount of transmission, and lowers the gap in T(E). The calculated conductance of the strongly coupled dot is 2.16 µS.
In the weakly coupled case the LUMO can also be sligthly below E F . However in this setup the coupling to the contacts seem to be much lower an therefore there is almost no contribution to the transmission spectra arising from the LUMO in the weakly coupled case. The occupied state 3 at −1.3 eV shows peak in T(E) and is mostly localized on ZnSe. The calculated conductance in this configuration is 0.016 µS, which is almost two orders of magnitude smaller than the strongly coupled case.
The complete currentvoltage (IV) curve of the model junctions in the bias region of [−2.0 V, 2.0 V] is shown in Figure 6 . First it is obvious that the conductivities of the two model systems differ significantly by almost two orders of magnitude (see also Fig.: 7) . Additionally the I-V curves are asymmetric with respect to changing the sign of the bias voltage. The latter gives rise to some rectification behaviour of the model junctions. This asymmetry stems from the fact that the states close to electrode Fermi energies on either sides are located on the two sides of the coupled quantum dot. Similar criterion has been exploited to design molecular rectifiers earlier 15, 16 in donor acceptor type molecules. Similar step-like increase of the current has also been observed in other recent theoretical and experimental investigations on transport through ferroelectric tunnel junctions . 43, 44 Such step-like features can be related to energy levels contributing to the transport which shift into the relevant energy window due to the applied bias voltage. The evolution of the transmission functions showing this behavior in detail is displayed in the supplemental material.
Typically envisaged applications of coupled quantum dots are the use of the respective setups as switching devices. Thus we investigated the I-V characteristics of the two coupled dot systems for different setups of gate electrodes. Additionally it is possible to clarify the origin of the effects seen in the I-V characteristics. A gate setup where the gate voltage is applied to both dots simultaneously will change the energy levels of the coupled dot system relative to energy of the orbitals in the contacts. Thus the main effect of such an setup is the change of dot -contact coupling. A second setup where the gate is only applied to one dot of the coupled dot system is used to investigate the effect of shifting the energies of the levels in the CdS dot while keeping the ZnSe levels (almost) constant. In the latter setup the main effect is due to the change in coupling between the individual dots in the junction.
The main results of this investigation together with schematic drawings of the respective junctions are shown in Figure 7 . Our study included gate voltages between −8 and 8 V.
In general the effect of applying a gate voltage over both dots in the coupled systems is small. The effect is even negligibly small for the strongly coupled dots (see Fig. 7 a) . On the other hand, the impact of applying the bias voltage on just the CdS dot is huge. As can be seen in Fig. 7 b, the current changes up to one order of magnitude upon application of the gate voltage. Further the FIG. 6. The calculated current versus voltage curve for two configurations II or weak coupling and V or strong coupling are shown. The two-probe setups for these configurations are shown at the right.
asymmetry of the I-V curve of the weakly couple dots is amplified. These results can be interpreted in the following. Changing the coupling between the coupled dot systems and the gold contacts has very little effect on the I-V curves. Thus the major effects that are responsible for the transport characteristics arise from the different electronic coupling between the individual dots. Qualitatively, a selected preparation of junctions with coupled dots in different bonding configuration would enable tuning of the junction properties. Moreover the application of a gate voltage, especially for the weakly coupled configuration, would allow for the design of switching applications.
D. Conclusions
We have studied the electronic structure and transport properties of CdS/ZnSe coupled quantum dots using DFT and NEGF method respectively. The electronic structure calculations reveal that different stable geometries are possible. These geometries can be characterized by different interaction strength. The significant feature of the electronic structure is the spatial separa-tion of HOMO and LUMO on different dots within the coupled systems. This behavior can be found in all coupling configurations, which may be interesting and beneficial for photo-voltaic application. The HOMO-LUMO photo-excitation will result in charge separation across the coupled dots. Further, the use of quantum dots with variable size in principle offers the possibility to tune the band gap and therefore the absorption properties accordingly.
The calculated IV-curves show, that the conductivity depends strongly on the interaction between the dots. The conductivity of the strongly coupled dots is roughly two orders of magnitude larger compared with the weakly coupled dot. In fact the weak and strong coupling scenario provide limiting cases for the transport. The remaining coupling scenarios are expected to exhibit conductivities in between these limiting cases. The ability to control the coupling between the dots would enable the adjustment of the transport properties. The usage of an additional gate voltage on one of the coupled dots allows to fine tune the transport behavior. In particular it allows to switch the junction between conducting and non conducting mode effectively realizing an electronic switch. The obtained IV curves show strongly nonlinear behaviour, due to the asymmetry under bias inversion diode-like rectification behaviour can be achieved.
Further combinations of dots with largely different electron affinities / ionization potentials would enable the creation of intrinsic pn-junctions using coupled dots without doping.
Larger coupled dot systems are already under experimental investigation, and are they are integrated as active component within quantum dot sensitized solar cells . 4 We hope that our work will motivate research on smaller systems which may be interesting for electronic applications similar to the field of molecular electronics. Fig. 4 . We plot the current on a logarithmic scale. In case of the weakly coupled quantum dot the current is about one order of magnitude smaller and slightly unsymmetrical for the change of direction of the bias voltage. For the strong coupled dot the gate does not change much. In contrast to that for the weak coupling dot the current increases systematically and reaches nearly the strong coupling dots. (b) Gates over the CdS dot influence the current-voltage dependence. In this configuration there is an increase in the current for both couplings. Therefore for all bias voltages the current through the strongly coupled system is higher, and the switching ratio is more homogeneous for different bias voltages. All the coupled dots have been studied using B3LYP and B3PW91 functionals (Zn, Se, S: 6-31G** basis-set, Cd LanL2DZ basis-set and ECP). The vibrational spectra for all the reported configurations have been calculated as mentioned in Section II, Methodology section of the main text. Configuration-V, the strongly coupled dot is the most stable one with only real valued frequencies indicating dynamical stability. It also gives the highest value of interaction energy −1.76 eV ( Table 1 in the main text). Configuration-III and Configuration-IV show intermediate coupling strength and the normal mode analysis confirms also dynamical stability. Their interaction energies are −1.16 and −1.41 eV respectively ( Table 1 in the main text).
In case of configurations I and II we find only real frequencies using B3PW91 functional, but in case of B3LYP functional we detect very small imaginary frequency in each case, with value 2 cm −1 and 6 cm −1 for configurations I and II respectively. These two configurations are less stable compared with other configurations, which makes these two configurations only interesting from a theoretical point of view as a limiting case in the weakly coupled regime. This study shows, weakly coupled and strongly coupled dots exhibit asymmetric transport behavior. It can be conjectured that such asymmetric electronic transport is likely in all the coupling cases for the CdS/ZnSe quantum dots. The vibrational spectra obtained using B3LYP have been plotted for all configurations, in the figures below.
CURRENT-VOLTAGE CURVE FROM TRANSMISSION SPECTRA
The current voltage values presented in Fig. 6 in the main text are computed by integration of transmission functions which depend on applied bias voltage. The following plot shows the evolution of the transmission spectra with respect to applied bias voltages (only positive voltages are shown) for both the strongly coupled dot and the weakly one. In case of strongly coupled dot one can see that with increasing applied bias voltage, more and more states (presented by small vertical lines above the corresponding transmission spectra) fall within the bias window. Some of these states are partially conducting states (two states marked 4,5 in Fig 5a in the main text and more), and thus the transmission probability also increases and accordingly the current. In case of the weakly coupled dot also more states fall within the bias window but in contrast to the previous case they are nonconducting and thus the transmission is unaffected and the current increase is small. 
